ABSTRACT -Essential oils have the potential to be used as bioherbicides, and possess the advantage of their biodegradability, high structural diversity and reduced natural resistance to weeds. The essential oils of the leaves and rhizomes of Hedychium coronarium, an exotic invasive plant adapted to different regions of Brazil, were extracted by hydrodistillation and characterised chemically by Gas-Liquid Chromatography and Gas-Liquid Chromatography/Mass Spectrometry. Allelopathic activity was determined using methodologies that evaluate the effects of volatility and direct contact on seed germination and seedling vigour in the lettuce. The major constituents of the essential oil from the leaves were -pinene (46.9%), -pinene (19.2%) and -caryophyllene (13.2%) and from the rhizomes, -pinene (41.5%), 1.8-cineole (23.6%) and -pinene (13.1%). When analysing the volatile effects of the essential oils, it was seen that their concentration did not affect seedling first germination count or total germination. The essential oil from the rhizomes was more effective than the essential oil from the leaves in reducing seedling response for SGI, dry weight, and length of the roots and shoots. When evaluating the effect of direct contact with the essential oils, it was seen that both oils reduced the response of all the variables under evaluation, and that in addition, the oil from the rhizomes caused greater reductions than that from the leaves, again for all variables. These results can be attributed to the higher levels of monoterpenes present in the essential oil from the rhizomes, mainly the presence of 1.8-cineole.
INTRODUCTION
In agricultural areas, the control of weeds is carried out mainly with the use of synthetic herbicides, which although efficient from a functional point of view, cause environmental damage as well as often targeting resistant species (SOUZA FILHO et al., 2006) . According to Duke, Romagni and Dayan (2000) , chemical weed control needs to be dynamic and innovative: the use of natural products being an economical and ecologically viable alternative. Among the substances of natural origin, essential oils may be employed as bioherbicides, which although structurally more complex than synthetic herbicides, originate exclusively from the secondary metabolism of plant species, and in addition to being biodegradable, display high structural diversity and consequently do not induce a natural resistance in the weeds.
Essential oils are complex mixtures of volatile compounds, which are produced in such plant organs as the flowers, leaves, seeds, rhizomes and outer surfaces, among others. They are made up of phenylpropanoids and terpenoids. Among the terpenoids, Silva et al. (2009) mainly highlight the monoterpenes, which, besides comprising a class of substances present in larger quantities in essential oils, have various functions in plants, such as that of phytoalexins, hormones, allelochemicals, repellents of insect and micro-organisms, the attraction of pollinators and defense against herbivores.
Standing out among the invasive species that produce essential oils is Hedychium coronarium, a monocot aquatic macrophyte of the Zingiberaceae family, originally from tropical Asia and now adapted and found throughout America. Because it is commonly found in swamp areas, it is popularly known in Brazil as "swamp lily (lírio-do-brejo), "white ginger" or "butterfly lily" (MARTINS et al., 2010) . Due to its rapid growth and dispersion, it is considered an exotic weed. It is found in various regions of Brazil, mainly the Cerrado, the coastal forests of the Serra do Mar mountains, the riparian jungle of Araucária, the coastal and inland forests of the state of Bahia, the Caatinga and the Atlantic forest of Alto Paraná, replacing the original vegetation and causing damage (ZENNI; ZILLER, 2011).
Invasive species are known for their allelopathic potential, promoting deleterious biochemical interactions between higher plants. Research by Barbosa et al. (2007) , Rosado et al. (2009 ), Silva et al. (2009 ), Souza Filho et al. (2006 ), Souza Filho et al. (2009 , show that various natural substances have an allelopathic effect, including many compounds present in essential oils, such as monoterpenes and sesquiterpenes, which may act by inhibiting seed germination and/or affecting plant vigour. Due to these negative effects on native species, the weeds become a real problem in places where they proliferate (SANTOS; PEDRALLI; MEYER, 2005) . This work aimed to characterise chemically and evaluate the allelopathic potential of the essential oils of the leaves and fresh rhizomes of H. coronarium, using methodologies that assess their volatile effect and direct contact on seed germination and vigour in lettuce seedlings.
MATERIALS AND METHODS

Collecting the Plant Material
Plants of Hedychium coronarium were collected on the campus of the Federal University of Lavras (UFLA) (21º13'37" S, 44º58'20" W), at around 0800 on 25 February 2012. Young leaves (rib and lamina) and rhizomes of adult plants in full bloom were harvested. The species was identified by Dr Mariana Esteves Mansanares from the Department of Biology at UFLA, and an exsiccata deposited in the ESAL Herbarium of UFLA, under record no 26942.
Extracting the Essential Oils
The essential oils of the rhizomes and leaves of the species were obtained by hydrodistillation, following a methodology described by the Agência Nacional de Vigilância Sanitária (2010) and using a modified Clevenger apparatus adapted to a round-bottom flask with a capacity of 4 litres, for a period of 2 hours in order to obtain the hydrolate, which was centrifuged at 965.36 g for 5 minutes. The essential oils were then separated with a Pasteur pipette, placed into vials of amber glass and stored at 4 °C.
Determining the moisture and yield of the essential oils
Five g of leaves or chopped fresh rhizomes in 70 ml of cyclohexane were placed into a round-bottom flask of 250 mL capacity coupled to a glass Dean-Stark collector. The flask was placed into a heating mantle for 2 hours at a temperature of 81 ± 1 °C and the volume of water measured. From this volume, the moisture-free weight of the plants was calculated and used to determine the levels of essential oils present in the leaves and rhizomes of Hedychium coronarium, expressed on a moisture-free plant basis (MFB), in w w -1 (PIMENTEL et al., 2006) .
Identifying the constituents of the essential oils
For the analysis by gas-liquid chromatography coupled with mass spectrometry (GLC-MS), a Perkin Elmer Autosystem XL chromatograph was used, equipped with a DB-1 fused-silica column (30 m x 0.25 mm ID, 0.25 m film thickness; from J & W Scientific Inc.), coupled to a Perkin Elmer TurboMass mass spectrometer (software version 4.1). The oven temperature was programmed from 45 to 175 °C increasing by 3°C min -1 , and then by 15 °C min -1 to 300 °C. On reaching 300 °C, the temperature was kept constant for 10 min; transfer line temperature of 280 °C, ionisation chamber temperature of 220 °C, the carrier Chemical characterisation and allelopathic potential of essential oils from leaves and rhizomes of white ginger gas (helium) adjusted to a linear velocity of 30 cm s -1 and the flow distribution ratio to 1:40.
Identification of the compounds was determined by a comparison of the retention indices for the C 9 -C 21 nalkanes and mass spectra, with the commercial standards and reference compounds present in oils existing in the laboratory. A comparison was also made with the library of mass spectra developed in the Laboratory of the Centre for Plant Biotechnology, at the School of Science of the University of Lisbon (MENDES et al., 2011) .
Quantifying the constituents of the essential oils
The essential oils were analysed by gas-liquid chromatography (GLC) on a Perkin Elmer 8700 gas chromatograph equipped with two flame ionization detectors (FID), a data processing system and an injector in which two columns of different polarities were installed, each consisting of a DB-1 of fused silica with an immobilised methyl silicone phase (30 m , and then by 15 °C min -1 to 300 °C. On reaching 300 °C, the temperature was kept constant for 10 min. The temperature of the injector and detectors was 290 and 280 °C respectively. Hydrogen was used as the carrier gas, adjusted to a linear velocity of 30 cm s -1 , with a flow distribution ratio of 1:50.
The percentage composition of the oils was determined by integration of the peak areas without the use of correction factors. The values shown correspond to the mean value of two injections.
Allelopathic activity of the essential oils
The allelopathic potential of the essential oils was evaluated in two bioassays, the first, to assess the volatile effect and the second, the direct contact of these oils on germination in the lettuce seeds (cultivar Regina SF 3500). The solutions were prepared with 0.5 mL of each essential oil emulsified with Tween 80 in a ratio of 1:1 (v v -1 ) and dissolved in distilled water to give a stock solution at a concentration of 1%. The other concentrations (0.1 and 0.01% v v -1 ) were prepared by dilution. Water and a solution of Tween 80 at 1.0% v v -1 were used for the controls (SILVA et al., 2009) . The tested solutions were added only at the start of the bioassays, after which only distilled water was added when necessary (SOUZA FILHO et al., 2009) . In both bioassays, the seeds were placed into an acrylic gerbox (11 x 11 x 4 cm), with two sterilised sheets of blotting paper as substrate. Fifty seeds were distributed in each box, giving 200 seeds per treatment, and kept in a growth chamber (BOD) at 20 ± 1 °C under a photoperiod of 12 hours. In the direct-contact method, the blotting paper was soaked with solutions of the essential oils at different concentrations in amounts equal to 2.5 times its dry weight (BRASIL, 2009 ).
To evaluate the volatile effect, distilled water was added to the paper substrate in amounts equal to 2.5 times its dry weight (BRAZIL, 2009 ). Three mL of each solution were also placed onto two sheets of filter paper fixed to the cover of the box, avoiding any direct contact of the solution under test with the seeds (SOUZA FILHO et al., 2009) .
Germination was monitored for seven days from the start of the test by daily counts of the lettuce seedlings, the results being expressed as a percentage of normal seedlings (BRASIL, 2009).
Seed vigour was determined by the following variables: first germination count (%); evaluation of germination in normal seedlings on the fourth day after sowing (BRASIL, 2009); Germination Speed Index (GSI), calculated according to Maguire (1962) ; average lengths for roots and shoots of the seedlings (mm) on the seventh day, taken with the aid of a millimeter rule, with mean results expressed in millimeters (BRASIL, 2009); measurement of seedling dry weight (g), carried out in Kraft paper bags in an incubator at 60 °C to constant weight. After that, each replication was weighed and the averages calculated, with the results expressed in grams (KRZYZANOWSKI; VIEIRA; FRANÇA NETO, 1999).
Statistical Analysis
The experimental design used for both methodologies was completely randomised in a 4 x 2 factorial scheme (4 concentrations x 2 essential oils), with four replications. As they are oils extracted from different parts of the same botanical species, the essential oils were compared to each other, unlike in the other methodologies where, due to having chemical mechanisms that are known to be different, the oils are not compared. The quantitative variables significant by F-test were subjected to regression analysis. The data were analysed by the Variance Analysis System for Balanced Data (Sisvar) statistical software, as per Ferreira (2011) .
RESULTS AND DISCUSSION
The essential oils from different parts of H. coronarium gave yields of 0.30% (w w -1 ) for the leaves and 1.02% (w w -1 ) for the rhizomes, with 99.3% of the chemical constituents of the essential oil from the leaves being identified and 99.2% from the rhizomes ( Table 1) :
The major constituents of the oil from the leaves were monoterpenes -pinene (46.9%), -pinene (19.2%) and the sesquiterpene -caryophyllene (13.2%), and from the rhizomes, the monoterpenes -pinene (41.5%), 1,8-cineole (23.6%) and -pinene (13.1%). Santos et al. (2010) RI, Retention Index tabulated for a series of n-alkanes (C 9 -C 21 ) in a DB-1 column; t, trace (<0.05%)
Chemical characterisation and allelopathic potential of essential oils from leaves and rhizomes of white ginger coronarium collected in the Atlantic Forest of southeastern Brazil and obtained a yield of 0.68% (w w -1 ) and 0.20% (w w -1 ) in MFB respectively. As main components of the essential oil from the leaves they found -caryophyllene (43.0%), caryophyllene oxide (12.1%) and -pinene (11.6%), while in the rhizomes, 1,8-cineole (34.8%), -pinene (16.7%) and -terpineol (13.1%). When evaluating the chemical composition of the essential oil from the rhizomes of the same botanical species collected in India, Prakash et al. (2010) identified 98.7% of the chemical constituents, with the major constituents being linalool (29.3%), limonene (20.3%), transmeta-mentha-2,8-diene (12.9 %) and -terpinene (8.9%). This variability in the chemical yields and compositions seen in the essential oils of H. coronarium in the present study and in the research conducted by Prakash et al. (2010) and Santos et al. (2010) , is possibly due to differences in the crop-growing areas and times of collection, the crop cycle and in edaphoclimatic factors (GOBBO-NETO; LOPES, 2007) .
When analysing the volatile effect of the essential oils from different parts of H. coronarium, it was seen that an increase in concentration of the oils did not alter the first count of germinated seedlings or the total germination, with respective mean percentage values of 91.5 and 95% for the essential oil from the leaves, and 91and 94% for the essential oil from the rhizomes (Figure 1) .
None of the concentrations of the essential oil extracted from the leaves influenced the response of the GSI and root length variables of the lettuce seedlings, maintaining mean values for the GSI of 74.9 and seedling root length of 37.3 mm. Different trends were displayed by the essential oil extracted from the rhizomes when these variables were evaluated, which at its highest concentration (1% v v -1 ) caused a decrease in response of the GSI from 75.9 to 65.8 and the length of the rootlets from 38.5 to 35.7 mm. For the dry weight and shoot length of the seedlings, the oil from the rhizomes was Figure 1 -Regression equations of the response variables first germination count and total germination, for concentrations of essential oils extracted from the leaves and rhizomes of H. coronarium, evaluated with volatile-effect methodology more effective than that from the leaves in reducing variable response. A 1% concentration of the essential oil from the leaves caused a decrease in dry matter from 0.0375 to 0.0365 g, with the oil from the rhizomes reducing the response of this variable from 0.0365 to 0.0345 g. Assessing the influence of the volatile effect of the essential oils on shoot length in the lettuce seedlings, a reduction was seen of 17.6 to 16.5 mm caused by the oil from the leaves, and from 18.0 to 16.8 mm caused by the oil from the rhizomes (Figure 2) . Silva et al. (2009) claim that allelochemicals may not significantly alter seed germination or affect germination speed and timing, which may explain the fact that the volatile effect of the essential oils under evaluation does not affect the first count of germinated seedlings or total seedling germination, but does alter the GSI, dry weight, shoot length and root length of the seedlings. The observed results suggest that the low activity seen when evaluating the volatile effect may be due to the fact that the atmosphere formed inside the gerbox has a lower concentration of these essential oils, with less contact with the seeds and a consequently smaller inhibitory effect.
When evaluating the effect of direct contact of the essential oils on the germination and vigour of the lettuce seedlings, it was seen that both of the essential oils reduced the response of all the variables under test, and that in addition the oil from the rhizomes caused a greater reduction in all the variables than the oil from the leaves. Among these variables, first count and final germination where proportionally less affected by an increase in concentration. A 1% concentration of the oil from the leaves reduced first germination count from 91.5 to 82% and final germination from 96 to 90.5%, while the same concentration of the oil from the rhizomes reduced initial seed germination from 91 to 77% and final seed germination from 95.5 to 84% (Figure 3) .
The variables GSI, dry weight, shoot length and root length of the seedlings showed a similar trend, with a reduction in value as the concentration of essential oils increased; the greater efficiency of the essential oil extracted from the rhizomes of H. coronarium in this reduction being further highlighted. A 1% concentration of the essential oil from the leaves reduced seedling dry weight from 0.0370 to 0.0278 g, SGI from 76.82 to 47.9, shoot length from 18.5 to 10.7 mm and root length from 42.9 to 32.5 mm. The same concentration of the oil from the rhizomes reduced these variables more efficiently, the dry weight from 0.0373 to 0.0248 g, GSI from 76.57 to 36.07, shoot length from 15.5 to 9.78 mm and root length from 43.0 to 21.8 mm (Figure 4 ).
Chemical characterisation and allelopathic potential of essential oils from leaves and rhizomes of white ginger According to Souza Filho et al. (2009) , the effects of essential oils on seedling germination and vigour can be explained on an individual basis by considering their major constituents, confirming the observations made in the present study, in which the composition of the essential oils extracted from different parts of H. coronarium influenced the differing inhibitory activities presented by these oils. The oil from the rhizomes showed 98.2% monoterpenes and 1% sesquiterpenes, whereas that from the leaves showed 84.3% monoterpenes and 14.9% sesquiterpenes. In addition, it was found that the essential oil from the rhizomes displayed a greater inhibitory effect than the oil extracted from the leaves, which may be explained by the higher monoterpene content. According to Rosado et al. (2009) , the monoterpenes comprise the group of identified compounds with the greater inhibitory potential, as they cause changes in the structure and function of the membranes that prevent the growth and activity of the cells. In their studies, Duke, Romagni and Dayan (2000) state that among these monoterpene compounds, 1,8-cineole was shown to be effective in suppressing the growth of weeds, corroborating the data found in the present work, in which, among the chemical compounds of the oils under study, 1,8-cineole was only found to be a major constituent in the essential oil from the rhizomes, which may explain its greater inhibitory and possible allelopathic effect.
CONCLUSIONS
1. Considering the limited effectiveness and high toxicity of synthetic herbicides traditionally employed in agriculture, the essential oil extracted from the rhizomes shows promise for future studies due to its higher allelopathic potential, since it displayed a greater inhibitory effect than the essential oil from leaves of the same species. This is possibly due to the higher percentage of monoterpene compounds, especially 1.8-cineole;
2. Further work that promotes isolation of the constituents of the oils under evaluation and clarification of the mechanisms of interaction between secondary metabolites and plant species will be essential for the development of new bioherbicides, possibly defining the ideal conditions for application of the essential oils and even the need for the isolation of, and research into their chemical constituents, either seperately or jointly. 
